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A wmthba.1 of aml~ysis for- the 111ffc30 ti1 fie'ld h's&~xi kil a lilt

of obst'rvations tn~in resctu-di ships, nurcharuit shlips ant 1(v kchnii tiut-ion

%Vt'tfliS tixiii kqekstatiolary sattcel 1itt's is 1 Inv~vsti ill this 1xilki. 'Ilk'

jprx-xStl -khA-mv 1p'Im1its .1 turilinq of wirbi WWI tliiit 1tm-4,11 thle cit ki

Wili t lvel u-&l tha, silface. '111n ttiina is ituritykipat eti Xva a ;k';;ly

currot oCd plixitiLiin wtiick-! olaldv; ws to flilly ut iii : the, l'A%- iob1 wilAh;.

711C v11 tha.A kivs iii~t dtjk.l kill thL SCIL-'1 ~t t On f a vl ofVV 01' ; f.it 10 thA'li

clou1 winiks aind tluim i.- Tut dcpeIkVnt on a1 1 wttt'~i~ ~ 'lk'

ailysis- Of the suit .k' Wili tfield it; C.11rrietkilt t I th*e 100 LIN'!; Of t he

(4U-3'. Atlantic Tropical ifk iin ('I ) f tut, oIbservationl pri~s lit'v

dayj (002*, 12)ovor a wide d..xmviin.

Ph1i s ji~lape i 1lustrate:;, 0 t illk V01%htll kqeemekt .I yOf the Milt .ni,)11

d1t:ainIk (GVlV, '1ivt ii) tixm', averaqkxl tijeldr of the, zonll ant i the 111'. i -

6iolkil stresses. as W.'i1 of the curlI- of, tho Witi stess Fl'ial IN., %.'

exaunireo. the sped l am.l \is of, the nlut icin field i thei 0 t ', OXVI

th' tr.,Vt' Winlli ItS (Iof the'-A111k tul ii winlttr hutAlhle sI ip oll

pulisi-w ZAM U iniilUrtik1, (it tw') 111ies oIf. ksi l~kirt iol, o(eIlk' 1 oll LI t1

days ant the otl'r amun.)li 10 to V, ('uiys. While Ol'te I oliim' ide kcititioki

witli African waves, tie, sc 111a sivetil(if J'iiuuat ioll of the at tel -

dteixiriv tin x-t diaiqrani art] in ident-ifiedi as a i.u~stuxlx Inviviiatmol

vive, wiusv scalte is of thv m-dear of 40 loivitnii' anl -jxe\1 of pl'u'p-k

kq41ion is aio,1unl I'lr~ttl~a.Ti stiy Whasi e the 'sibit

iit'fultiess oft this alin'tich tiinu th, CARP (G1o1il I-Nqvvinvnt uhen a

qloalcuelqefmaii kqee1st'atioenary satel~lite's is e~v~jt u'xi.



in tis jx-r %w pi\)pi)se a rmw l'lthrt for de'scr iha ti the surt ace

nx~tion field over th.e cxomns trLiii, a nix ot cI)serxviim systc~lu such as:

resewarch Ships, rm&-'rChIuxt siLips arri ('101ki wizkis fr qvostmt ionmiy sa1t s]-

ljtJs. TeI-YLrvpLS4e of tins exercise is teo defirle t1h vlu: of s'.fact'

stren;st's over- certain Spa~ce a(nbA t tim. s-cales for ixivest iWat ioi'; of ail-

sui intei-actions. Thek pericx of tlh& Ov"d(1 At-l.uit ic- Trkiicai1 Elvi imb't

(GI'1E) ProVYideS 1.s, With1 al Mi(tuc dat.1 e to cal II out i.'izv';iOs

ton11S ill SCuM.lalt tIrtxltir detail thanl has; Uxvn possible pxeviom:;ly.

'Ilk,. definition of a surface nxution t.ijeld swtr tlke ('w"\V V\1.

is of cknsiderale illterest to cV.~xreu q1pht-. I'ldtm~ls .;Ich ."

t~ldtOid U(2uK~Tapy, ik'(~ll~~S x~it l~l~'lIiY)~.uk tHl 01 1 ll Ot

Me'xioo Water circjlaUtiis can be vex.-unhnctl withi the, ociqsi ti' CI1' u -.

Lacx e tx~rolxcia data sets.

T1XIk IXSCent. st-IVI) fOcuse.S onl anl mlklysis tecfIIIAiqie I hit .1~'

US to huLill~j Hk! CICLoR Wit-th, (low clol mutioni~U7o to flit' !sea level

WWIh an1 a1lowance for- theV turuii' of the wirbA With [Lb'jihlt . hlis tiunii

of win-I With he0iqht is det-erninoki here Without relyinqi tin any sl~i tic

theory of the pluaneay txuim-y lae 'ITl due jesA~~l Onl an up-

datinq of te wiaI shear hiltvin tIx' clolk] winhl level tull t h'urfat

-level via a successive c tIrectijon of anl oh jtvtive anl: sat the tVA)

levels with the available dtasts

In Section 2 of this Ixiper, w shaill presenjt a l1i st of datai

sources avail.Able for- this stuly. -1cto J provide's details; on i' ~o cdo-isx

aw~lysis inmthd. Ini tkxtiotn 4 uix,' (WI~ GT, zixxui mMI)! a.' wiI 1i .11;,;jlqj(

ikilyses for trmliviiull1 icy T nx'amli jeld'; oft thei .surftacc st esses amt t1ui



I curl of tJk, mirtakv wiril stress axe illistrativ-1 inl Skctionl )-, the,

salivrit tiiny vat jability, ot the rele-vant. yxrvumters are prustnittcd in

Fiki. (I) illulstrate-s the LvnlfiqTuration of CAIT ships duiinq oneP. l-

Ot theA Etprilliynt . hr '.~re rcxiqhly 30 restsarch ships thait Ill-vidWl sm -

face nvk-tAXu'COLqx.cal ob-1Servations dunn'3y the tlirtee pluse-s of CATE (rou'ihly

8 A&kb per phase) . 'Ibis data set was p-repared1 by the Synoptic Scale Subl-

c~rk;rl JFUta Cen1jter at HcnL.Ill this Stlkiy W&ae .VUSCd t" 002* 1110

127, data sets trm rcv-xihily 25 ships dunrinj tlxe thirtv phaise.

llio maurint data collection fnmi xchant ships comnes frusil tvxu

SO~l C'S: 1 'Pho;lobu '11 niuniationSer-vice talpes, aixi ii) teMrn

t.iLi tapes tii the) *\theU Service of the Fedieral Eepo~iblic of Gerlwany. Thv

latter was speial cvllection tar- GAI. a-uglily 1400 ship observations per-

24 lxu day wtre adailble dunii the 100 days of GATE frimi these sources.

M-w one mavptiii (., 00?. + b lhurs) a typical distribution of this data

set is illuistrated in Fiq. 2. '11v quality of thi.s datai requires a st-rinmient

sc.rtxemiri,%%whi is carried1 ott in tUb) anailysis phase deskcribed- in the next

section.

Th-A clol imwt-icn vetors dvscxilxxi ill the, present sttky uvvo 4-

leCN7ti-X (aIS UU-1 al, pr, Vcessedx) b-5 Krishllmrurti et. al tnq-b3a) .T'Iis data -,,#t

imxlukdes cloixxi winds t ruil tut qtxstit-iotvuxy satel lites, ATSh Ill wvi -i1S 1.

Lkwn a 24 Ikur peiid ixmaqhily 1400 low clcuk wmt-ion voct-ors w&re o -

lectaix tor the& 100 days. iq. (3) (firm an ui vjtuhlislixi stnily ot Rujita)

ilustrateS a pvsiLe'Xumlnl datai c"'orat.e wovr tlvhe Atlant-ic cctvan from

a (c.10S tlt ioii sat 1 i Itv.
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1%UL't)i tht':. dta 5&. t:We UIC iac of tOe CJVI'V Ship data1 I., t1ixuot

tU) 1V O ot k' order.1 Of -' 111t; Sfor~ 11-ki 10" forNl direction. 111cxri~s

r~AimC. tiqre tO ~ lu iII lpitxi to 850 nis is of tIk' ortier of

4 nps uxii VN' respvt ively, Olulb r1 1975 ).It is noat WtssibleV tV a11ssSs

tl, qul tv of the' n1I'i cAunt Ships ill a Sif.uuntlnr.lk&vi it is our

-X)Vtioll thvt -if this vlarinous dat-a it; su;IbietoA~t tOa Icrer via

eliilt-ion of thce ciervtinswve tuiaddViatioNn Withl rCsyOCt to

aI Lvai nb~aln eo.ctvs the sanx, limits as the accluay Lif the c-iotkI Wri,

tlvii the L-vtaiixxi data set L),viXIh25 vext-rCtxk-,y i'aILLble.

3.1 11i. Bae rot rd

i'he basic alyprivch for dta~ alalysizs of the- Wirk 'e.1 v citv ok14vnentz

(11 aud %,) is a sucvessive Xworrct-ioll lm.thcxi Juixsoi by Lxecml -u (15-

This n)vtlvxi is qulite suitable1 1'(a' hkildairl.i suIch field-s if tlk're is a1.1 adet.-

quate L~e1kt. uld if the daLta frci a diverseto platformls is ~~ut~

1kln11hx. I-11 or l atitlit alkilysis of the abkve field.- it is fielt that a

lu-machiie~ mi-x (i.e., insertion of Lxxiirs dati) is; use~ful in order to i-n-

Irawe o~Lfltuity inl spare dta la:rcqiy uhdt inlsert ionls jk,'

miptik within a tt'tal of 300 to 400 oberVios e day W&'.r 111ke. 'Pi s

aniuit.s to rvuihily 2Y, of such LXvqIIL data t or the, 100 da1y' st f C'v\. Fk'uIldy

01bL' IxXpA5 d.1ta per LUay W.IS intC4,xhk'ti in1 soutlhi*'stc~in Pacific tx-t\lfl (100o0 N,

1&;)xilatorial rullion nt.Nu 40'0 N., rJzLrth Afr-ican dVs0.rt 11\qitn ( 0 N12Ct) i

kkmkith Cctral Atlantic. cvt%n mxir 15%-' ariA 1 - .. 1*' fee-l tha~t this ecrcist'

Nis Leo--,n ext-rim.ly useful inl pix-vidirsi us; with veiy usewful fields ot surface,

paramotexs. III the, abse-nce of suk-h LtX'III!; datA, thereI is a1 tenliel'KI for thv

nutlion fielti to exhilit fictitious.. a-sy"Ac.tes of ko vrerbve or, ,;l\llr 1 irl.
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in Owe initA.ex acial rx~pgion h~w-i ~t richi zures i-d th'ost definted via

th #- first quess field.

11w details cit thc objec~tive aiklysis scht~mv, use~d here, is dis-

cussedx ill ltipoli aivi 1rjhmzmrtj (1975) ax-0 hce it will nrt Lx, r-

vicki in detail here. 11w dcrmin of analysis v-xtu ids fri 2CPS to 34"N

and 100%' toL 14%. V*- use a 20_ latitixie by 2 lorklitixic qrid il ouir

analysIls- The v'a separation distarce botwuvie cbservat-ions, D'is of OIL,

Or"er of 350 km. '11w influctixe radius, R~, is dcxreaxstx in sxuccessive

xirwrection scans star t-im frcmi Sxb) to 2x1) in th-e finalI scan.

'11w objcvivv analysis sclw irhs a data rejct-ion cycle whichi

in ks as follows: %*& allow fouir successive sans in tlv_' analysis. DM %i

oach sca, ), the error is q iven bN t w relation

wh~e-c u dreli-'s a wiali caw11onent at anl obser.vat-ion ,;I te, whil It doI'vtt

the, interjx-_Nattcd value at that point. TEY- stkcessiv scanls, arshIn in

l'rixli and Krishrwimurti (1)75), rcxduce the lwnitixde of R [ita r-

loctionl criteria are Imxi on the, MaqnPitlkivs ot tor Ach scanl, ))

(Yanai . INA4). In this stxxdy w defivo thwste lidi 12, 10, 8, xx t' nvp;

tot- the bucce'ssive scanls. Both tx etsof the, wil (11 ..11 v) iU're inl-

depealentl1y hmidltxi withi the- sank- rejct-ion cr1itcria. A presu-reeniin'ti iof

the data sets i ltudes a limit on the- Mixnuil surfae Wirds a-i pixvd~urv

for the, rtiival of dt4,licate data.

11 miinx suft wiml i o u- restolutionl is 30 nis Xny wii

cqrLater Ulin thaut val w is rejetedt. by th, wvki ly,.is tti'ehniqwi. A data set

prorxsra rcioxves allI dupilicate data in th.' f irst sican. Thex f irst qxweSs f ieaL

for the winvi wkily-sis for the& first day (ie, xnt- It,, 1474 00'") is tprepared\



Oil the, basis ot sulbjective ain Alysis (if tIX, saine dat.l. 1Weafttusis

tcx kve is uscki to def ine a f irst quess f ield. it Fainil( Ix, sitttki that

sixce the final data set includies arourki 400 ol-6ervations, tUko I iA-st

quess is not verty critical for the f inal analysis.

Ile f irst step in this vmxexcisc is to apply the, aliave nuthxkl x-n!

pt.rf orm ai object-ive anlalysis at the surface aVI tlke 850 mb level1. Th1is

Sur face 'Analysis utilizes Surfaote imarinie, (IVCY. ai-i tlhe WAbild xIkatlkr Watch"

Surf ace Netwark data within thle dcmiin. ND~ clc.W wirnds enter the taurfaceax, ls :

is c~u-ritxi cxit for every 12 Ivitu-s for the,at this stacie. This proixaure

100 klays of CATE. Exmcept for tlhe first nuputnt all the- i-miiuIVm u-.llj--;s

utilize 'pearsistence' (i.e., 12 Ilour earlier field.) as a first cmess fieldI

in the ijectave analysis. Bccause of the lamqe amo~unts of obsev\ations

per nIaPtamk. (00Z, or 12Z) ± 6 kcxurs, tIhe tirst (moss 1S m~.t rotairk&

over nost req ions.

Th850 nib level anailysis ut-ilizes all valbetyp~es of olserva-

tions: RAisxerwiaepilot Ial loon, rescx-ch a irci att 1low rei*k

lut-ion data ari 1(-- cloti imtion vectors. Thie ra~tl-K'd of axnalvsis of thi.s

data set is desezrikW' in Tripli arix Krishnin'urti (10)75) . Thel iitixi field!

was analyZkxI for OOJZ UILI 12Z for tile 200 iriaptiixe s.

71w next step in this exrcise is ton deterinem a nxxi tmrni Iv angle,

of the winJ hacA.i on the, abcve statedi first cruess fields: low cloI-vui wt ion

vectors are qererally used in the analysis of the* CIleo hxask level chaL'rts,

i.e. roughly 1 )an above the sea level. Since a sizeal-ie turnii-F' of wi-edA

with height. ( - 200) occurs in thi s depth (B\rxnmrx et al- ,19",3; lk l uxi anII

Rasm~ssen, 1973; Charrwk et al., 1956) it se 'mis w ea aetu os the,

cloud winds directly at th -surface lev l thre is rN' saivijle analyl-ical



method for axuiw1for tlio turninqi of tlk wind with Ivb1'it. V.ii' have

arrived at an ux1~irical nk-tlrd for iwi x2iratimY the cloul wint data to

the surf ace level by a imetlixi of successive oorrections that takes into

acca.Ant the, ntxn tumrim of the windis with heiqht iii 12 subro~jioms

(Ca lledi sections herext-) over the- octxwinic req iioms.

3.2 ?4 an Tirnimj nIle Withinl a Sector

Withi-n one of these-A sec-tions, at irid paint Zj , the#- stirfa~v

and the cloal level wiril directions Imuiy respectively bt, written as:

(the symbols are explai-ned in Table 1) .

alkd

Thew turntrr anqle may be written as: g.C 'J.'-lc~

The moan tiu-nirn amile is obtamrxi try stzmiiuiq5 oAvr all txe (qrik

points within the sulkiuain, ,- I

wwere N dervt's the nunber of points withi-n tlke butkiczmin. Thse sedof time

silrace arId the cloud level wirxis at point I~j is cqiveni I-% therepctv

*i1e mean wiml speedi for the subdczmai for the srface i the, cd I vei s

respective~ly is rnext obtaim-A by a stmiation of the sqxxxis,

25 AV(Q)
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'11v- individual cloud wind observations ( , ) within the subdcrain

are next relocated at the surface level via the relations:

L45  5 [os (b75 + g)J (10)

The aforementioned analysis is not constrained to a precise knowledge of

the height of the cloud winds. The analysis is independent of this height.

Although we assigned the cloud winds to the 850 mbs, the final results

over oceans would have been the same if we had assigned a different

height to the low cloud motion vectcs provided the upper level is analyzed

using only the cloud wind observations. The efperical approach proposed

here is not onstrained by any bouxrdary layer theory and as such is not

linited to a barotrcpic or a baroclinic theory in the near equatorial lat-

itudes. The following analysis shows the validity of the proposed method

if the boundary layer were barotropic:

We start with a logarithmic profile for the variation of wind with

height: a 4/ (12)

where k is the Von Karman constant and Z is surface roughness.

Following Wyngaard (1975) we introduce

7t= -CL (13)

where L is the Monin Obukhoff length and C is the oonstant. Thus we obtain

We omit the second term, which is negligible, and thus obtain

k LZo/ - A (15)



Where th', I-Wiht of ti'K- Pluzxtuj' xxuiary layeit 1 my Le cxMutt'. to thet

cicudk haist' lev'el for cnvenuencc.

iN-.t u define,

wtb>irt (2 aIS the U-&Ile bft'NA-cn tIhL Surface uid (alonil the xaxis) .uirVi t1k,

pressur-e qradierit t6lC't? (i .e., tdkL clot.i win~idi-r-\'t ion for, a- Lxuxrotrop~ji&

IxxuVa~ury 1ay i)

ta"x 'A we o{L1)I/f.

AxGtbtt-JL /fiIL 0 
-UL I'd~?

Thlus l (o) L) (a lf~ c Zo7 axi L)~ -,k

my be assim-ta trv be a c-onstaint -0.1.

I f is the u-ol1,, betut-,en tIhe prossure cira-lcint (i .e. , tlhe

cicoWi windi) cund tlh* east, tlen we my write:

d0 * 60 P
'lus expression is L-aisistem.t swithi cur m4)iric-tl c4pression presentedi alve.

TUs, at least for a hitrotropic h"uxiuty layer' oxur tmipiical imethxl for tIb?

turntin of the cloud wimi with hejqiht can he rationiized(x. Sincev tlhe sub'-

douins of the analysis are fairly m-ill, w eee that our analysis is

also valid for barvelinic situttions.



3..3 inthe Ajlaly~;is P'iwttturt

i) Aialyze burfaot- st-rerdiirxes azi3 isotachs usiinq only CAEaxii

ni-uchant slups .Lit" st-s.

ii) Filjlle the' 850 mb nalsi of the nutionl field LIS11q a Eli-X

ob 2Ivatin :tuu aio airwnsris pilot Lxillkxrns U)L' lco' clcxiud

nxutiori vccti.Mr- (Tripoxli ai Krishlul-irti, 11)7'<).

111~) thtt m-ixi U -cnr nTAUm turnii. u iaile ariA tl-e- mia wii it

iV) RCAOCaItC IOW C'lo(. ntiOn vectors at the surfAc- level U-Ll

nify tbeir speedxs and directions; by, the t.Iriri.1 ul,;le~ mrl speeJ rat-ioS

Licermuriei in ste-p iii) .

v) Roail~lyze the sLurface chirts usinqi nckiified cloudl winds,Wrl

mt1her KWatch Surface data, zuxi andnuclhant ship data. Ilse the, previous

111 11'1analyIS to pr11ovide a firIst kjUCSS field.

vi) 1tepoat steps i-ii) , iv) ani v) until surface analysis cvrlveles,

i.e. the speedis ari di-rections of the two~ successive scans of step %') at a

.jridl Peint do iot alter by nure thani 2 nis and 20 re x- etivcly for

sixcessive sas

3.4 On the Validlity of tile Avilysis Schtines

Three t% s of tests w&re carried oat to inve-st1caW' the validityl Of

the proposexd malysis of the nvtioni field over the ceal-Ls.

i) Cmn~urisozi with an i iepenrient ana-lysis of the phise nkuan nution

fie-ld: O\ir tim avxraged nut-ion field for phiase III of GATE (12Z data

only) was i-nteccumTared with a correspordim subjective anailysis (LX'an ard

alith , 1977), N13..i onl GATE shlips plus a smaller oolletion l of the marLline0

data, thle Ow anxlyst.' illusratod illfi,-lures 4a ariA 41i are i-n essent-ial

- 23-



-10-

agreement within the regions 5°S to 15°N and 40W to 150 W. hx

direction and locations of the north-east and the south-east trade

winds, the West African monsoons, the flow separation point rear 9°N,

340W,and the asymptote of convergence are in close agreement. The speed

field over certain areas such as 20°W and 3°N exhibit differences and we feel

that this discrepancy is largely due to a total lack of observations in

the analysis of Dean and Smith (1977). It should be noted that our

analysis utilizes more observations from the diverse observing system over

the dcnmain. In regions where comparable observations of high quality

are available such as over the GATE A/B scale ship array, the two analyses

show close agreement in both wind direction and speed.

ii) Ccparisons of sample daily surface notion field fran the Dean

and Smith (1977) subjective analysis and our objective analysis show

same minor discrepancies. The differences are again related to the

disparity in the number of observations over the large data void regions

in the analysis of Dean and Smith (1977). The two analyses tend to be in

close agreement over the regions of the A/B scale ship network. Fig. (4c

illustrates a typical surface chart for a single day. The analysis

illustrates a disturbance on the 6th of Septanber, 1974 (00Z) over the

GATE A/B scale, as well as hurricane Carmen in the southern Gulf of Mexi-

o. The details of these flow fieldsshow a very reasonable interdiurnal

time continuity.

iii) An intercomparison of observed surface ship data with an inter-

polation of our analysis to these locations showthat our winds are an

underestimatedby about 10% (e.g. 4 nips ins+aad of 4.5 mps). This is due

to the fact that the objective analysis scheme provides a grid point wind

which is in fact a mean over a domain whose size . 200 km2 . Thus scme



dt it.)1t dtteWith t lit wit'it vaiueit's ope!;eitv 1' 'y th l' jiip dat .l. ',li!

discn\uicywill ~al tlit' rvf 1.vt etA ill the Illatilhi iite ti t t' ;ui, t ~

wk, s i ii1 th li, .,;t iuikit vs ot the cii I (it t l1k' witii .t .i I-Ne~. il t lit" iiiL II

1 lt t'th Lt elau~'plikvti tionatl tot h le ktji it ci lit' wi uki ~q~'~IVlt'

ijlt luIt'e 1,idili'; 100 kill', will tI' .11i dietI lWt'l *I t' 1t'lilz t'I I t .It I 'II

tit the 1ii icu Ao I t' hi .iuit the, !;t rtIe oii thlu. !;kt.I I'. IIit III! I It

talititi tlin a ihitt l1ise (if ('lv ship Ioeu vat illit' uii IA~ otx'lIii -o t 11it

4. Nitiiui !k&'t ion ii lt' ~Iiiiuij CA'l'l

4 .1 "1.1.f t, Nc' Muid W~5 M lit'lh;

the 100 tLiys; auiti the, third plik"ISO kit CJ\'V i e~qvt't ivt110 'ht'Alkev~It'S; lut'l'

tat tiL Ikw J-kw; xh a w' i def'iined At rican uuit.uikitniial Itle cvtn- ht'st

Aft i' cA wli I'lki't I t'! Ue I I 1 inialiI . 'hitw ritwt ht'a';t i ;ide- ovin t lie At

luIst ath t~ liwvi' ans lit'a qvti i arel. I'll, Ic ai"n kit .~u 'XiIAt' eintli

t(~te titt kx'at1~j ;tL- I.-- i W'tj ith O tvu exhibt io di, ;th et ksi rtikttwi kil lit'

etvi(M. N111.0%.1i1i 111 'llit' sil t lit.-,t t u atit of ti lit' At I Alit it, Ac~u



hknit'an inteit'ostinJ 8ourcv leq-xion ait the southel-11 IX'ujrLIu-Y oft ON, .1iay:; 1

rou..ilfy I-twl 5o' 14ol1. TIds tIo M~hs essentiallIy tutw. -nhtS

i) the nunscunald bidmah that eventually acxiuires a uk&sterly milqunment,

aini ii) the eaisterl-y branch thait flows- towa-d Soiuth Azmvric..

1.i.(ba, b) illustratvs dliv t ink- veraud mut ion field at 8')

nibs foir the- 100 days .uxi phase Ill ot GATEV. At this level the tvadet

wii-ds h-ave an intensity bxtu.&V 15 u-a0 20) kiotIs over the Atlanltic an]0

vastQI7I Pacific (Kxutl;* 7'fLx a)Utheaist t-rades sho-W tilt, stron)II;est sixeciis (Avr

rurthkxIstcrn-l iblizi I. MY,, south .ustzcriy fliws oiveri *'st Arica do not

plvivtrate wxrth of 1 50 N at this level.

CLIixIrct1-x to til .100 day averaoe Liv thin]pid s of GA11T sluw.;

stronqer01 trxhie windks over11 thek neortheasternl Atjlantic oc(\1ui, as Uti I .15 oAVer

thle cenitral Atlaiit-ic oc eui ill thlt :ojtjjej-j litmjlispl I-

Ikfield ts oyver coxeans are lameicly determined iy tlu

ntAion vtx-tk-rs,. Of nujor interest hleret is the differei-v LxehN'en the

surface le-vel ani the- 8530 nib flos

4.2 Thec Field Ot tIv' MIXIm 11t-rnilILIAnl~le

Frun tiuw t inal atmalysi s at tlv surface level mri at the leveql of

010 10o7 Clolki Winds Uk have cX)nst~trcd a 100 day n-&axi chariit, of tilt 'moann

turn iJ anqle'" lx'tAweCJ thVIAe t%-X) lvesI. T1he tUrninq9 UnIIe~ (Fiq. 7)

is cvLrcxsm y lzurqe alonq thv VWest Afr-ican, South )'i'riean i-&I thle Cenitral

Amrican owAast over the teasterii o)Ctxu;. In tlise req jewll; dv- siu face

we&sterly wirvis chanqv to easter-lies at tl-& CloudV Windi level . Cici ii fts

in low latituies are alnx-fst aluays- f roi east to %*,st

A %'xdvt of catiion in interpret-tation is mx-es-sary herei. 'Me cle(AI1-

wind level should iut he taci t ly asivnr' tvi Iv t he top of tlhe t v jet ioni

layer. It is concK~viveabl e thaIt :hal lc(v clouds., maly inl fact Ix, folnivi withinl
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the trict-ionl ayux. henmce, the tilrriinq angle descrihai rmay not. 1v the

totail turinim of the wini in thk- low&st layer.

By an]l lartle the southeast trades of tlke Atlantic an] eastcrn

Pacif ic oivan sixew hckingj of win]i with hoiq~ht wh-ile the rurtheost triades

exhibit s a vcxerin;. 11w. warnie of backingj (or vecrinq.) .in the trade wi-nd

belts is on the ordier of 8 0 to 160) betiweri the, surface an]i the clcxxi drift

lvel. In the tranlSitionl AoneS suchJ -S 010 Vicinity Of the =7 the

tuixt arnie can be- as lanme a~s 1800 bexiiuse of a cuiplete rvwrsal of

win]k dirctioni.

5. Time Averaqies of the< Wind Stress an] the Curl of the Win]i Stress

5.1 ThDri'c .beficicent

LArinil CwYllE, the Ltvy observat-ions frrm thle ship 'UYXh werex

uscxd tv estimltv unt-imi fluxes by the #eddy correlation meth'ii (Dittnir

et al, 1978). IPrcii a Lxmilrison of their results with tlxese obtaiinedl

usilvj tdk Milk t±\imnxcMethxid, itbasiniww and cT~r (1977) ncinxndtx

th-at the drai coefficienit C" for iistilrbx' as well as distur-bed con-

dit-ions lies ill the ramie 1.4 1 0.4 x 10 Vk elt-tfo aes-l

flcw~s (i.e. onl the~ CNAT A-s-cale) th-is is.- certainly tln a1141ropr.iate0 vc

lk~vvver, ru)tini the fact. that therev u-re several hurricanes du-i-nq Ujv

100 days wit-hini the CATW A-scale dcrlain, wfe that a variat-ion of draqi

coefficient with win] spetLxi is aylmropriate, for the mappirwq of the stress

charts. Amnula, imimntum 1let studies in tropical disturhaves clocarly

show that tilL' draL) coevfficient, does vary with the radial distanice frcrni Uhe

cvntcr of the hurricaine as %%kll as wit~h resp'-ct. to the, win]0 qx.pix in a
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hurricane (Miller, 1962, Ooyama, 1969). During GATE on the A-scale,

our tabulation on the 20 latitude/2° longitude mesh size does not resolve

the fine structure of the high speed region (the inner rain area) of a

hurricane. wever we note occasional wind speeds as large as 45 knots

during such events. Thus, following Roll ( 1965 ) and Miller (1962),

we estimate the stresses far wind speeds 10 nips by using the formula

..
Wind speeds > 10 rps are estimated by using

and Co'0 7 f 0.07tl/for wind speeds >) 10 raps.

This is consistent with the value of 1.4 x 10 - 3 , for a wind speed of 10 nips

suggested by Basinger and Sequin (1977). It also gives reliable estimates

at high wind speeds. The choice of a constant drag coefficient for speeds

less than 10 rps is also suggested by the results fron 'BOMEX' obser-

vations.

5.2 The Curl of the Wind Stress (CS)

Iblopainen(1967), Hantel (1970) and Duing (1968) have examined

the distribution of CWS over wide areas fra long-term time-dependent

motion fields. Hantel and Duing examined the Indian Ocean region in con-

siderable detail and noted large zonal gradients of the wind stress

curl in the southwesterly monsoonal current. Hantel's charts clearly

bring out a relationship between the wind stress curl and the observed

regions of cold upwelling in the western Arabian Sea. They also noted

that the surface winds in the Indian Ocean were quite large, and as a con-

sequence, stresses of the order of 1 dyne/r 2 and curl of wind stress of

the order of 2.5 x 10 - 8 dynes/an3 were noted in their calculations.

Hantel used a drag coefficient of 1.2 x 10- 3 which is closer to the value

L= 7= :Ii i - "_ . ... ii . .. . .
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w-, have used in the present study for the GATE A-scale relqion.

W exauivned the GATE phase nixin anl 100 day nxui distribution of

the win stress curl defined by the relation,

71w fields w-re cmputed by straiqhtfowartl centered differeices owver a

distance of 6Y ald 6y oil the order of 200 kU1s.

Aside fron the tinv averaged fields we shall also show th, vuri-

ability amd tinr, spectra of OVS in this section. The resolution of the

data (tw naps per day) limits the scxpe of this study. It sltild be

notxi very clearly thait tht snllest resolvable wave in the present con-

text is % 400 kms iin space al two days in tin.. Murthrimare,sincte only

ocetaic and nea- coastal data are used for the analy sis of the wind stress

curl over the oce(vaic danmin of the GAT A-scale, the ixaw czxistal alya',S

within a few hundred kms are nt too reliable. This limits the usefulness

of the presented data sets for studies of coastal oceaxxvraphic pIlablncts

of local oriqin.

5.3 The Time Averaged Wind Stress m-i the Wind Stress Cur-

Figs. (8a, b) resIxectively illustrate the 100 day axid the Phis,

III mean meridional wind stress distribution over th GAWTE A-scale 4CX\Us.

i Fig. (8a) the zero line in the middle of the Atlatic Ocean separates

a northerly meridional shear to its north frou the southerly shear to its

south. 7*e nagnitude of the shear is Lurqest near the North African coaist

and the Fastern part of the soutlhern Atlantic Clxvn. T1e souitliast trades

exert a stronger meridionkil stress than the rnrtheast trades over t1,
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tropical Atlantic Ocean. The magnitude of the meridional stresses over

the trade wind belt varies frmn 1.0 to 1.25 dynes/an2 (Note: 1 dyne/a 2=

0.1 NIm). The estimates for phase III are slightly larger than those

for the 100 day mean. uver the Eastern Pacific Ocean near the Peruvian

coast, the magnitude of the meridional stresses show two maxima, which

are especially strong ( , 2 dynes/an2 ) during the third phase of GATE.

This region has an abundant distribution of cloud winds. A zero line

separates the positive and negative stresses over the western part of the

Gulf of Mexico. The northern part of the western Gulf exhibits west

south-westerly flows while the southern part of the Gulf shows west north-

westerly flows. The corresponding meridional stresses in the western

Gulf are on the order of 0.5 dynes/an2 .

The zonal stress for the 100 days and the third phase is illus-

trated in Figs. (9a, b). It is stronger over the central Atlantic Ocean,

reaching magnitudes in excess of 1.5 dynes/an2 . The sumer hemisphere

trades exerts a stronger zonal stress while the winter hemisphere trades

have a stronger meridional stress over the Atlantic Ocean. Over most of

the tropics the stress is from the easterly direction, except

for the monsoonal belt near the eastern Atlantic and Pacific oceans. Both

-the zonal stress and the meridional stress show a relative maxinmz value

between 00 and 109E and south of 15°S. This appears to be a source region

for surges in the velocity of southeast trades of the southern Atlantic

Ocean. In general, the magnitude of the zonal stress is roughly 15%

greater during the third phase oampared to the 100 day mean.

The field of the total stress is illustrated in Fig. (10a, b) for

the 100 days and the third phase respectively. The total stress is larger in the

northeast trades in oniparison to the southeast trades. The mxirzn value
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vxcetxis 2 dynes/an'. 1e nimrn value of the tbotal stress for thk, 100

days over the C('AT A/B scale is around 0.3 dynes/an. This is sliqhtly

muller than the mmqnitudes of 0.4 dynes/an reported by Jacox (1978).

Th1 reasons for this discepancy are discuss3d elsewhere in this paper.

The rogions along the Peruvian cxoast, along thk, w stvj-n (Xtlf of rLnico, aroirl

10(N anud 100% and arcqini 20°S ami 50 ,E wre other nions with lurqe

stresses. It is of interest to contare the nuqnitudes of the stresses

estimated here with earlier estimates qivn by Hellerman (1967).

hiellernun's (1967) well kxxKz seasonal nran tabulations of winld

stresses ( IV and t ) wer based on U.S. Navy Itydrographic Offices'

Marine Climatic Atlas of the Vir-ld. This atlas %is bast.xi on rowuhly 8

years of marine surface data. Fig. (lla and b) sho Hellerman's mean

fields of the wild stresses an. 1 for the stimme nntlis (June, JWuly

and August). AlthucKjh tlhere is a general aqrtxmxmt btw'n our analysis,

Fig. (10a, b) during CATE' ( n Stresses fort the PxuriA Junv- 16 thX Ih

SeptAi.iber 23rd), tlre are some nujor differeces as %lI:

a) Zonal stresses: In the narthern trade wini hL t our -alalysis

shows a belt of easterly zorial stress around rrxqhly 200N. The coxrres-

pondiivg latitude of strongest wmnil oasterly stress in Hellemmi's stilly

is locatod closer to the equat r (17.5"N to 7.5N). The trade belt of

strongest winxds during CATE kanis to be located amnwhat farther n rth.

nwe strongest magnitude of the stress in Hellermnn's talulations are

aroux I to 1.4 dynes/ea wile those shcu in the present study are

around 1.6 dynes/am2 . le major differe-e is due to diffores in the

intensity of the trades. For stoady trade wind upt.ls on the order of

10 ns, we hare used a draq txefficient of 1.4 x 10- 3 bastxl on recent C'ATE

Low.-



siuniuries prest-rit-txt 1,V Risilor ull Sequin (1977). Ha] lernn uscxi a

Value Of .tL x 10- tea.u t *' SJII Wi.Zv1 b-3s.3s. it st-hlu'ui al % tt

thAt vov ha'm' lU54xi culy Values of thiv Wil ill (e st-iwtiiNl ti tlk~1X

st-VesseS, While thOSV Of 9elna' t~ are LASsW on 10410 tten11. lm'all

mo.talon ticild alhd windL 1N'SeS thit CQntaiJI &UIV iJnfQuMtioU On Uki' tlI~ '-j

distiI1ito Of d.aily stI'esseo;.

b) Mex.idiona1 stresses: i t'x' reyjoll of t.Nw niiwtlitiat traivs,

the nividio-ial stnvs is Iu'ues\t ulnull 17 .554 to 7 . 50 in the tahila-

t-ionls ot Wi-I lernun ,whi it our Study zshws that le Stiviviiwst t al.(s1 .11V,

ill fa%.'t, tcuvii f.rv xirth Land lct~ to" 20'X '. qlliis is 1wiml'aril ll e

t-o thedifreii' ill tiv nIkIn nrtion fields.- of cour stuty viursus tb~

foundt in the U. S. 1?\Lydrin-.i11ie MAr-inv Cl ixatic iat a SIumkiy. 'lk-i -.kxitherii

trades exhibhit windis 11-t'ltvx than 10 nl~tS t.Cx- a1 WideV lnV\iOnl Ott\itr

Atlxntic Qxxin. 'Ile use ot a traq ow-fticieit of 2 . (I X -10 in lit'l cnIIAn s

tahilations aclarn- lti.il tcO rather1 lai'qe n 'nlitadVes Of Li niiio'a

stresses-. In this rt'iion tiv mumqituit, ot huamett nraiioxhall stress, in

lie I lenman' s stim)y is onl t he Order Of 0.5~ dyneKs il wtu lv inl outl .tti it

is -. iliuit laixitr inlspite ot Our ulse of lliw acl ulcr d3*iA cvft 101031t.,

duew to StrulILTV. windsL- and& txPts XtilS O1 streVSts witin the' CAlt

of M4'xx-e and in the #.Nistern I'acific 4vxin ure not de.Cwihxxi I'% th, clinvli-

tjLcb1"xicad data set of liellenw,1vn.

Finailly, 'a.' shall e~nn'the iman f ields of wind Ctres Iu foti

the 100 d1Ns ami ti'. thlirdx phae oif CW.Al, Fiqi. tl 1 a, W"' .h t1% trAde wind

i .lts- oon'ntal xni cst-w&st xrim'txi .zcz'v limv s--A.xwatimwi ut'icis of hiixh-

Live andi 1I)sita1v' w.ind stre-ss CAIwl. In thV TrLarttheru t.itS this- SepIIAation'l



-19-

line is located around 200N, and for the southern trades this line is located

along 10°S. In general, a positive and an adjacent negative center is

found over most regions of strong wind stress curl. The positive center

is to the left of the strong wind stress vector while the negative center

is to its right. Such couplets are clearly evident in the western Gulf Of

Mexicothe Caribbean Sea, the Eastern Pacific Ocean, the northeast trades (20°N)

and the southeast trades over the eastern Atlantic Ocean. The Guinea coast

is a region of saoe interest here. The only region with a positive wind

stress curl along this coast is located near 30E where a meandering of the

zero line may be noted. Over most of the remaining regions along this

coast, the wind stress curl does not show positive values north of the

equator. This situation is quite different fran that along the

Peruvian coast. The winds along the Peruvian coast contain a stronger

southerly coastal flow,while in the southern Atlantic ocean stronger south

westerlies are found and the flows parallel to the African coast are not

as large.

6. Spectral Analysis of GATE Surface Fields

In this section we shall present a spectral analysis of same of the

surface parameters of the present study. The first step in this analysis is

the removal of root mean square linear trend since there may be present

some seasonal changes on the scale of the 100 day period. We note fran

plots of data that the seasonal trend is indeed quasilinear and hence the

linear regression is found quite adequate for the surface parameters

during the sumuer season. OCur numerical method is the direct fast Fourier

transform method of spectral analysis. In the execution of the spectral
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.uvxysis w- tollcvw the earlie~r uporks of Kallace (1971), Yanaii et al (1968),

ZAu~il (1975) xxi Krishnaiurt-i and Blialn (1976 b).-

1 fw xvt ficient of an j X} series is qiVen Lby:

V- I :2T14k

jf 0 f, -

vdwart '.xeu esents UK, data points x-4 N the ntznber of c!m-f f icients. Thek

pAx- s~xtti a I estunits of the series are given by,

2 'a /XW k c~I2, N-Ii2

WhikieAC is the, t-an inteival. 1,ixthal estimaites miw Lx- obtaij-Ni 1-i

avteraqIIVj cvntaquous raw estiates; to yieLi,

-K L kI C, 0k-
j:

Lkir present interest will be first to exanex the powe~r spectral density ove'tr

sane of the key reions of interest in the GATE A-scale. For pus of

'depiction we shall illustrate tho prcduct of the*- pztn&l (per Lentvaiv)

tmnLes the frequency (alonq ordiite) versus the log of tht- frcxjuexmy (aloiNi

abscissa). xi~ avantages of this representation have bxemi ciiurirttc IA

zamvil (1915).

6.1 Northeast trades (AU ant-ic Ctemn)

7he variability is htiv desc-ribed for a rvctaxviular reqioni, 2000 ki

x 1000 kn, ce'ntenxi at 4( \'~ aml. 209N. The zo~nal wind (see Fiq. 13a) in this

reqion is aretuv S nus with yveak values close to 11 nW's. Lkrirm theV 100

days the easter-ly zonal velocity of the nartheast trades slrs seAveral pjxA
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velocity peiods roxjhly 15 days ajxu-t with evidki-e of llb,,

valiability on shorter timom scales. '1he spectral analysis of the zonal

wind is illustrated in Fig. 13b. Thiis shows a dcxinant oscillationof arOuuni

15 days. niere is also considerable power in shorter time scale s of less than

10 days. A peak of ,irouwi 30 days is not very reliahle due to the fact t!vit

the len th of the Uata records is only 100 days.

The, spectra of tlv2 neridional velocity (Fig. 14a) in this region

of the northeast trades show a daminit nude ot arcxUa1 5 days with,

sorter ti,.u scales of 2 tk 5 days. The nridionr.l velocity also

exhibits a proronced oscillation in the 10 to 15 day tinu scales. Fiia.lly,

present the spectra of the total wird stres-;s for the North txist trixies

in Fig. 14b. This exhibits a nust pronouned peak rourd 11 and 17 days

as well as some variability betwaen 2 to 6 days.

6.2 Southeast Trades (Atlantic Ocean, Centerel at Dquator arid- 30LW)

Tbe corresponding illustrations are the variability of tha, zonal

wind during the 100 days,ard its spectra are respectively shown in Figs.

15a, b. The zonal wind shows considerable variability arourd 3 days ami

10 to 15 days. This variability of surface zonal wiai in the Southern as

well as the Northern lHmisphere is consistent with tbe findinLqs of Krish-

naurti et a (1975) fram the cloud winds durirq CvuTE. In this studiy an

oscillation in the intensity of the trades withi a pericxi of arounl 14 days

was described. Furthermore, a near simultaneous oocurremxe of sumes in

the trades of the two hmispheres was noted in the CAIT 'Cloud Wild' data

sets. A careful superpositioning of Fig. 13a on top of Fig. 15a efr-vs that

an interesting relationship exists betvxen the trades of the tuo hemispheres



at the surface level as well. AI1TV1 UC first al1 f Of' A."I tJ-k

maxima in the Northeast trades sean to follow the maxima of the trade

winds of the Southern 1kibn1st-e with a Iast of ioujhly 3 days. After the

first part of Aaxust, 1974 with tle aLdvent of the active plase of Africin

disturanes, the maxima of thw Narthern trades appear to precede the

oarrespondinq muxiia of the Southern trkes. A cueful examin.ation of the

disturbanes durij CATE esugqsts that the -aLmes in the trades mnay havve

a relationship to wstwazkd prcpaatin4 pressure palsations. If the low

pressure area is wvll North of the cxTutor, then the uxqe is often first

noted in the Nrtheast trades. On the other hand, if the pru-;sure pertur-

bation is just Nor-th of the equator then the surge is first noted in the

Southeast trades. Ihese results on the ivlationship betwven the surges

of the trades of the twu heispheres are especially notctworthy since the

two ruxiions oXntizrtxi at 0 , 30 0Wi ani 20 0 W, 40"W have no camnwn data sets

amA are well sexrated frim each other. Fiqs. 16a, b illustrate the

srectra of the nridional wind and of the total stress based on th- 100 days

of surface wind data for the Sout last trades. Peaks in the 4 to b daN ramle

and arourd 11 day period are' pruurnunt featiure-s in the ir spectra.

In simiry, the trade wirvis of the sixm m r anm the winter hwisplhres

show oscillation in the 3 to 6 day as well as ii the 10 to 15 day periods.

The 3 to 6 day period is not likely relatod to westwarxd propagating African

waves. The 10 to 15 day period appeers to be related to a westward propa-

catimi wav. An illustration of thiP type of wave is slrwn on m x-t diagram

in Fiq. 17. Here we have taken the reridionad surface wimd, V, for the 100

days of CATE at 20N am subjected it to a band pass filter %%ich has a

naximzm response of aru-Li 15 days X-Li a , - Z" I C 5 AfSO he lC" 0 days as
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w li as above 20 days. The region for V( 0 is shaded in this illustration.

We find a well-defined Aestward propagating wave for most of the 100 day

period. Mfne wavelength of this wave 400 long, and its speed Z 30

long/day. This wave in the 10-15 day period was also noted from the data

sets of the meridional wini at 850 mb. We find very little vertical tilt

of this wave in the lower troposphere.

7. Concluding Rdmarks

The future determination of the ind stress over the global

oceans will depend more and acre on observations obtained via remote

sensing frcm satellites. One of the proposed satellites, called SEASAT,

makes use of a scatterameter to detezmine the surface stresses. This

satellite was launched during 1978 and produced data of high quality for

only a 90 day period prior to its failure. The geostationary satellites pro-

vide cloud wind data which are presently being used to define the motion

field at around the 1 kn height axve sea level. The present paper is

an effort to include this irportant data set for the analysis and deter-

mination of surface winds as wall as the stresses. The proposed technique

allows for a turning of wind with height by incorporating this information

via a successive cerrection in the wind analysis. The proposed metox is

calibrated against the GATE research ship surface observations. The po-

tential of the proposed method lies in its further use during FE (The

First GARP Global Experiment) when 5 geostationai" satellites along with

50 research ships and 1000 merchant ships are expected to provide a

composite observing system. This data set should provide the possibility

for detennination of detailed surface motion field as well as the wind
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stresses and their variability over global oceans.

The present study, although somewhat limited in sope, i.e. limited

domain and short period of 100 days, has nevertheless enabled us to define

these fields with scxn degree of accuracy that was not possible previously.

The important results of the presentstudy include i) a technique for in-

corporating the low cloud motion vectors in the surface wind analysis, ii)

mean motion field as well as the irean stresses over the tropical Atlantic

ocean during the northern summer, iii) the variability of the motion field

and the stresses on two dcminant time scales: 3 to 6 days and 10 to 15 days,

both of which are identified as westward propagating nxdes. The former is

here identified with the passage of African waves; while the latter, whose

scale is on the order of 400 longitude with a speed of propagation of

about 2.70 longitude/day,is not presently understood. Its importance how-

ever in oceanographic problems has appeared in many recent studies.
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Fiti. 1. 71he distribut-ion of GAW1 ships (phase III) ovrer the Atlantic
cean is shown hae.v Circle with cross iliatos B-scale
radar ships, squarc with circle within indiceates A/11 scailt
ships, dark square witlibi a squaire are the, A-scale ships,
circle denotes B-scale ship positions.

Fiq. 2. Ibie' distribution of nierelhant ships on a typical day.

Fig. 3. A sample distrilmtion of lowi ch-xi nitilon vtectors overr the
Atlantic ocean. (Courtesy ot' Rijita).

Fig. 4a. M?4cui st iur ui isotaicbs (mps) for Phase 111 (1217) hxistx
(to) on tbe proposed awilysis scAxmv..

Fig. 4b. Mean streaujivs for phase III (12Z) fruti kXm u-0 Iliutll.
(middle)

Fig. 4c. Final surface, ama-lys-is at tlxe surtace tor a tyivcal (day. wimi
barbs (kiyts) . W-ata frvmi a ndix of platfoms, is s~xmmi here.

Fig. Sa. K3ean surface strenilie~s zu-A i.-vtaclis (ntx's) tor t-heA 100 dayrs of
(top) GAWh.

Fig. 5b. W-an surface strewiirvs a1mA is:otachs lis or tie , ~1X phase
(bxttani) of GATE.

Fig. 6a. Mean 850 rnt streilives arxi i.,otach~s (mps.) for the 100 days; of'
(top) GAT..

Fig. 6b. Mean 850 nib streantlinvs zuxt isotachs (mp's) for the, Ili-A phase
(bo~ttom) of CATE.

Fig. 7. Mean turningj angle (in dCtj17reeS) Of Willi 1XetWL'en the sur11face
arxl the low cloiii wini le-vel. (W-)te: lowv clcAk Wid 1mAlVl is tvit
nectssiarily thev txop of tlx, friction layer) . Vksi Live valuevs:
Backiml; notlative values: Veerinj.

Fig. 8a. 100 daiy nxui surface field of the noridicnal stress (dynestiV

Fig. 8b. Phase III imxn field surface of, the nlfnrldionlalstes(yecn
(ixottcxn)

Fig. 9a. 100 dany n&x'm field of thev surface zonal stress. (dP's'ki').
(top)

Fig. 9b. Phatse III ninan field of the suirface -cd-al stress(yes'i)
(bottciii)



Fiq. 10a. 100 day nean field of the surface total stress (dynes/cm2 ).
(top)

Fig. 10b. Phase III mean field of the surface total stress (dynes/n).

(bottom)

Fiq. Ila. Zonadl and nxridional ccnvilnrnts of the wirxi stress (dynes/cm )

(top) and bascd on flellernun's stxliy.
Fiq. lib.
(bottom)

Fig. 12a. 100 day k-min field of the surface dind stress curl.
3(top) Units: x10- 1 0 dynes/a 3

Fig. 12b. Phase III niun field of the surface wiri stress curl.
(bottom) Units: xl0-10 dyrvs/aMn3 .

Fiq. 13a. Variability of the surface zonal wind (nps) of the north-
(top) east trades during the 100 days ot CTh.

Fiq. 13b. Spectral x.L!.sis of the surlacw zonLU %wi for N.E. trades. Plots
(bottxom) show the prcxhct ot ivx-r times the frequency plotted against the,

log of frequeln.

Fig. 14a. Spctral analysis of tlh surface nwridiona1 wiind for the N.E.
(top) trades. Plots show the pr nuct of power tinxs the frexuenCy"

plotted against the log of the frequency.

Fig. 14b. Spectral analysis of the total stress.
(bottom)

Fig. 15a. Variability of the zorl wind (mps) durina the 100 days of CT
for the southeast trades.

Fig. 15b. Spectral analysis of the wnal wiri for the southeast tradei.

Fig. 16a. Spectral analysis of the meridional wind for tl southlast
trades.

Fig. 16b. Spectral analysis of the total wind stress for the southeast
trades.

Fig. 17. An x-t diagrmn at 20°N for the 10 to 20 day n%xie of the
meridional wind. q l', sha' d area denotes v e0, while the uin-
shaded area represent-s southerly nution.
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Fig. 3. A sauple distribxition of 1cw clcmd mtm owctors over the
Atlantic ocean. (Cburtvcsy Of Puj iti).
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Fig. 4a. Mean stnxunmirs am] i--vuichsv (nit-is) fcir Phluuse III (1) ust
on the pI'01x360 muhlysis schtiiv.
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